The binding of staphylococcal components to fibrinogen was studied. Fibrinogen-binding material from lysed staphylococcal cells or culture supernatants was affinity purified on fibrinogen-Sepharose and analyzed on Western (immuno-) blots by the use of fibrinogen and antifibrinogen antibodies. Two main bands of 87 and 19 kilodaltons (kDa) and a weaker band of 35 kDa bound specifically to fibrinogen. A monoclonal antibody bound to all three bands, indicating that these were of the same origin. The yield of these components was much higher in the culture supernatant than on washed cells, suggesting that these molecules are essentially extracellular products. In a plasma coagulase test, the 87-kDa band, but not the 19-kDa band, clotted rabbit plasma, demonstrating that the 87-kDa molecule is coagulase. This was further confirmed by the fact that the 87-kDa band binds specifically to prothrombin. It was shown that the 87-and the 19-kDa molecules were present on the cell surface by surface labeling the cells with 1251. In addition, the fact that killed and washed cells could induce plasma clotting demonstrates that staphylococci have coagulase exposed on the surface. It was concluded that cell-bound coagulase has affinity for fibrinogen also in the absence of prothrombin and thus is responsible for the clumping of staphylococci in fibrinogen.
The fact that staphylococci clump in plasma has been known for more than 80 years (27) . The great interest in clumping has been due to its suggested role as a staphylococcal virulence factor (10, 18, 20, 28) . It was discovered early that staphylococcal cultures could induce coagulation of plasma. The causative agent of this clotting activity was found to be an extracellular product, coagulase, which was shown to induce polymerization of fibrinogen into fibrin. It has been suggested that coagulase exerts its action by binding to prothrombin, thereby converting the prothrombin into an active form. The coagulase-prothrombin complex causes the release of fibrinopeptides from fibrinogen in a manner similar to that described for thrombin in physiological blood clotting (17) . When it was found that washed staphylococci free of culture medium aggregated in plasma, it was suggested that staphylococci produce both free and cell-bound coagulase and that the free coagulase is responsible for the coagulase reaction and the bound coagulase is responsible for the clumping reaction. In the 1950s, Duthie showed that there are additional factors apart from coagulase that contribute to the clumping effect (10) . The term clumping factor was introduced, and it was assumed that clumping factor as well as coagulase acted on fibrinogen. Other investigators have claimed that coagulase and clumping factor are identical or very closely related (16) . The identity of clumping factor still remains to be solved.
Several factors may be involved in the clumping or aggregation of staphylococci. This has made the task of identifying clumping factor difficult. Staphylococci can aggregate in the presence of specific immunoglobulins directed against staphylococcal antigens, and most normal human sera contain such antibodies (13) . Lysozyme in the concentration found in tears can aggregate staphylococci (25) . Extracellular matrix proteins in a soluble state, e.g., collagen type IV and laminin, have been found to aggregate staphylococci in vitro (37) , and in the same manner clumping can be caused by fibronectin at a concentration found in sera (28, 37) . * Corresponding author.
Autoaggregation in isotonic buffers of staphylococcal cells grown in vitro has been described previously (19) . Staphylococci can also be incorporated unspecifically into a polymerizing fibrin matrix (9) . Fibrin formation can be initiated by coagulase, which is normally extracellular, but which to some extent can be found on the surface of staphylococci (1, 11) . An additional possibility is that clumping can be due to the paracoagulation phenomenon, which is caused by electrostatic or hydrophobic forces (6, 22) .
In this investigation, we have attempted to find out whether there is a specific nonenzymatic fibrinogen-binding protein on the surface of staphylococcal cells that can contribute to clumping or whether the clumping seen by Much (27) , Duthie (10) , and others is due only to the presence of protein A, fibronectin-binding protein, and coagulase.
MATERIALS AND METHODS
Bacterial strains and culture conditions. The bacterial strains used are listed in Table 1 . Staphylococci were grown as described by Miller et al. (26) . Cells material was eluted with 0.7% acetic acid containing 0.05% Nonidet P-40. The eluted material (eluate) was precipitated with 5% PBS and 80% acetone, left for 5 min at room temperature, and centrifuged at 11,000 x g for 15 min.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western (immuno-) blotting. SDS-PAGE was performed with the Phast system (Pharmacia) on 8 to 25% gradient gels supplied by the manufacturer. Gels were run for 100 V h and were subsequently blotted over to nitrocellulose filters at 65 to 70°C (diffusion blotting), as recommended by Pharmacia. Gels were stained with Coomassie blue in the developer unit, according to the user's manual. The amount of protein was estimated on Coomassie blue-stained gels in a dual-wavelength thin-layer chromatography scanner CS-930 (Shimazdu Corp., Kyoto, Japan). After the protein bands were transferred to nitrocellulose filters, the remaining binding sites were blocked with 0.05% Tween 20 in PBS for 15 min at room temperature. The filters were incubated for 1 h at room temperature with fibrinogen (IMCO), fibronectin (Sigma Chemical Co., St. Louis, Mo.), or human gamma globulin (HGG) (Pharmacia) at concentrations of 10 p.g/ml in PBS supplemented with 0.05% Tween 20 and 0.02% NaN3, or the filters were incubated with prothrombin (10 p.g/ml) in PBS containing 0.05% Tween 20. (39) , and phenylmethylsulfonyl fluoride (1 mM). RESULTS SDS-PAGE and Western blot analysis of whole staphylococcal cells, lysed cells, culture supernatants, and purified material from affinity chromatography. When cells of S. aureus Newman (a protein A-, coagulase-, and clumping factorpositive strain) were run on SDS-PAGE and transferred to nitrocellulose filters, five main bands could be detected by probing the filters with fibrinogen and antifibrinogen antibodies. Two of these bands, of approximately 75 and 63 kilodaltons (kDa), were strongly positive in the control with preimmune antisera, antifibrinogen antibodies, or ALP-conjugated secondary antibodies only and could consequently be identified as protein A or protein A derivatives. The remaining three bands of 87, 35, and 19 kDa bound fibrinogen. In Staphylococcus epidermidis 247, which is protein A, coagulase, and clumping factor negative, no protein A or 19-and 87-kDa bands could be detected in this assay, but a band of 35 kDa (which is not necessarily identical to the 35-kDa band of strain Newman) was seemingly specific in the fibrinogen-binding assay (data not shown). S. aureus U320, which is protein A negative and coagulase positive (but not as strongly positive as S. aureus Newman), gave a strong 35-kDa band with fibrinogen but a very weak 87-kDa band and no detectable 19-kDa band. S. aureus U320 also gave weak immunoglobulin-binding bands, presumably protein A (data not shown).
To isolate fibrinogen-binding components, S. aureus Newman cells were lysed with lysostaphin. The soluble fraction was run over fibrinogen-Sepharose, and eluted material was analyzed in the fibrinogen-binding assay (Fig. 1) . In addition to protein A, with a main band of 63 kDa and two additional bands of approximately 190 and 170 kDa, the same three fibrinogen-specific bands as those detected in lysates from whole cells could also be found in the affinity-purified material. After the filters were incubated with fibronectin and antifibronectin antibodies, the high-molecular-mass bands were subsequently identified as fibronectin-binding protein.
When fibrinogen-binding material from culture supernatant of S. aureus Newman was affinity purified on fibrinogenSepharose and analyzed in the fibrinogen-binding assay, the same bands as from cell lysates could be detected (Fig. 2 The 87-and 19-kDa bands from the S. aureus Newman culture supernatant preparation were separately cut out from Coomassie blue-stained SDS gels and eluted. These bands were rerun on SDS-PAGE and probed with fibrinogen and antifibrinogen antibodies as well as prothrombin and antiprothrombin antibodies (Fig. 3) . As shown in the Coomassie blue staining and even more strongly in the fibrinogenbinding assay, the purified 19-kDa band gave rise to bands of higher molecular mass, one of them being a 35-kDa band, and the 87-kDa band gave rise to a smear of material with both an increased and a decreased migration pattern. Both the 87-and the 19-kDa bands were detected with fibrinogen, but only the 87-kDa band gave a strong signal with prothrombin. An attempt to reduce the 35-kDa portion in the 19-kDa preparation by boiling with 5% ,-mercaptoethanol failed (Fig. 4) .
Analysis of fibrinogen-Sepharose eluate from surfacelabeled cells. To elucidate whether the 19 labeled with 1251I. The labeled cells were washed and lysed, and fibrinogen-binding components were affinity purified on fibrinogen-Sepharose. The fibrinogen-binding bands were identified in the fibrinogen-binding assay before the same nitrocellulose blot was subjected to autoradiography (Fig. 5) . The 87-and the 19-kDa bands, which were stained on the immunoblot, were also visible on the autoradiograph, indicating that both these bands are exposed on the surface of the staphylococci.
Plasma coagulase test. Coagulase tests were performed on killed and washed cells as well as on cell-free culture supernatant from overnight cultures in brain heart infusion medium ( the purified 87-kDa band were positive ( Table 2 ). This clearly demonstrates that this preparation contained coagulase activity and that this coagulase is the 87-kDa molecule. Fibrinogen-binding material from S. aureus Newman lysed cells and S. aureus Newman D2C lysed cells and culture supernatant were all negative in these tests. Possibly the amounts of coagulase from these preparations were not enough to cause a positive coagulase test. The 19-kDa band was also negative in this test.
DISCUSSION
This study was undertaken to investigate the mechanism behind the staphylococcal clumping reaction. It has been suggested previously that the clumping of staphylococci in plasma is caused by a proteinaceous molecule situated on the staphylococcal cell surface and that this molecule binds specifically and nonenzymatically to fibrinogen (17) . This molecule, the so-called clumping factor, is supposed to be distinct from coagulase (10) and, since it acts only on fibrinogen, also distinct from fibronectin-binding protein (28) and protein A (4).
Many attempts have been made to isolate clumping factor, but all of these have been unsuccessful, possibly because of insensitive detection assays. These purifications have generated molecules with various molecular masses, ranging from 14.3 (8) to 420 (12) kDa. The most commonly used assays are clumping and inhibition of clumping, using whole bacterial cells (5, 10, 12, 21) or coated particles (5, 32, 35, 36) , e.g., sheep erythrocytes or latex particles. Clumping of whole (30) or in protamine sulfate or chondroitin sulfate (32) .
Our strategy has been to use purification methods and detection assays in which fibrinogen is involved in direct binding to staphylococcal products, i.e., fibrinogen-Sepharose and fibrinogen used in Western blots. It is important in this context to keep in mind that there are no perfectly pure fibrinogen preparations commercially available. Therefore, the fibrinogen will contain significant amounts of other blood protein, e.g., fibronectin and immunoglobulins, and consequently other serum protein preparations will also contain contaminations of fibrinogen, for example. Commercial antibodies against fibrinogen also contain antibodies against these contaminants, since equally impure preparations are used for immunization.
In this study, numerous controls were used to eliminate the risk of false-positive signals caused by contaminating ligands. Staphylococcal cells and culture supernatants were analyzed on SDS-PAGE and Western blots both before and after being purified on fibrinogen-Sepharose. Bands were detected by the incubation of nitrocellulose filters with fibrinogen, fibronectin, HGGs, and antibodies against these proteins. As a control, some filters were incubated with preimmune sera or with antifibrinogen antibodies only. It was evident from the controls with fibronectin, HGGs, and antifibrinogen antibodies that the 190-kDa band was a fibronectin-binding protein and that the 75-and 63-kDa bands originated from protein A (Fig. 1) . The 87-, 35-, and 19-kDa bands that were seemingly specific for fibrinogen all bound monoclonal antibody 23 (Fig. 2, lane 6) .
The fibrinogen-binding bands could be obtained from cells grown in defined media (RPMI 1640 and Parker), which confirms that the 87-, 35-, and 19-kDa molecules originated from the staphylococci and were not derived from the brain heart infusion medium (data not shown). Periodate oxidation by the method of Woodward et al. (41) showed that carbohydrates are most likely not involved in the binding of fibrinogen to the 87-, 35-, and 19-kDa bands. The periodate treatment of the fibrinogen-binding molecules on nitrocellulose filters or of the fibrinogen used in Western blots did not abolish this binding (data not shown).
The amounts of 87-and 19-kDa molecules that could be purified on fibrinogen-Sepharose differed markedly between preparations from the various strains, as judged by serial dilutions before detection on gels and Western blots and by scanning of Coomassie blue-stained gels. In this study, culture supernatants from S. aureus Newman were the richest sources of these bands. The large yields from culture supernatants suggest that these products are essentially extracellular. In contrast to the wild-type S. aureus Newman, the S. aureus Newman D2C strain produced more cell-bound than extracellular 87-and 19-kDa molecules. The amounts found on S. aureus U320 cells were intermediate between the amounts found on the S. aureus Newman and S. aureus Newman D2C strains.
The amounts of 87-and 19-kDa molecules found in the different strains and preparations correlate well with the results from the coagulase test ( (Table 2 ). The 87-kDa molecule had an affinity for prothrombin (Fig. 3) , which further indicates that this molecule is coagulase. Interestingly, the 87-kDa molecule was able to induce fibrin formation in a fibrinogen solution without the addition of prothrombin. This fibrin gel was of rather poor quality, and no extensive network was formed. The 19-kDa molecule could not induce fibrin formation when added either to plasma or fibrinogen, but a precipitate was formed (data not shown).
When rerun on SDS-PAGE (Fig. 3) , the 87-kDa band re-formed the smear seen in the original preparation. Similarly, the 19-kDa band gave rise to bands of higher molecular masses. One of these was a 35-kDa band, which was probably a dimer of the 19-kDa band. The 35-kDa band could not be reduced by P-mercaptoethanol (Fig. 4) . This makes it probable that the main mechanism behind this dimerization is not the formation of disulfide bonds.
The identity between free and bound coagulase has been shown previously (16) (3, 29) . This second alternative is further substantiated by the result of the analysis of surface-labeled cells, in which the coagulase from cell lysates is shown to be accessible on the cell surface (Fig. 5) . The same conclusion can be drawn from the coagulase test, in which killed and washed cells induced a positive coagulase reaction ( Table 2 ). The S. aureus Newman D2C strain produced some coagulase, even if most of this was cell bound and did not give a positive coagulase test (Table 2) . Furthermore, the possibility exists that this cellbound coagulase on the D2C strain is unable to induce coagulation.
It has been suggested that clumping of staphylococci in plasma plays an important role in the virulence of this pathogen. Johanovsky (18) and Kapral (20) argued that clumping factor-positive staphylococci, when injected into the peritoneal cavities of mice, are more virulent than clumping factor-negative staphylococci. This has not been confirmed by other investigators. Instead, it has been shown that the capsule-containing, nonclumping staphylococcal strains survive longer than the clumping factor-positive staphylococcal strains in the mouse peritoneum. This is because the capsule renders the staphylococci resistant to phagocytosis (40) . Dunn and Simmons (9) claim that clumping is not at all a virulence factor but rather a nonspecific host defense against bacteria, in which particles of a certain size are unspecifically incorporated into the fibrin matrix during the process of blood clotting.
It has also been suggested that staphylococcal aggregation in plasma and binding of staphylococci to molecules of the extracellular matrix are important for virulence of wound pathogens, for example (28, 38) . Indeed, it has been found that staphylococci bind to fibronectin (28, 37) , collagen (37), laminin (24) , and vitronectin (7), in addition to interacting with fibrinogen. However, it must be kept in mind that staphylococci and their hosts have evolved together and are mutually adapted to one another. Hence, bacterial binding to host cell structures, e.g., fibrinogen, may not necessarily be beneficial to the bacteria. Toy et al. suggested that the binding of staphylococci to fibronectin in fibrin thrombi mediates the adherence of S. aureus to fibrin in wounds (33) .
It could be questioned, however, whether this binding is beneficial to the bacteria, because in wounds in which inflammatory fluid is present, soluble fibronectin may inhibit the binding of S. aureus to solid fibronectin in the thrombi. This means that the staphylococci would be confined to external wounds without inflammatory fluid and would be prevented from further penetrating the wounded tissue. Furthermore, fibronectin is an efficient opsonin for staphylococci (23) .
There are some thoroughly studied and well-documented examples in which adhesion to host cell structures is necessary for virulence. The best-studied examples are the pili adhesins of Escherichia coli, but also bacterial lectins from other gram-negative bacteria and lipoteichoic acids from streptococci and staphylococci have been found to be important in this aspect. These binding structures have been found on bacteria infecting mucosal surfaces. On these surfaces, bacteria must possess adhesins to protect themselves against the clearing activities of mucosal secretions, saliva and urine flow, etc. After the bacteria invade deeper tissues, these adhesins are of no benefit to the bacteria, since the adhesins can facilitate the attachment to phagocytic cells. The adhesins must therefore be shed or masked by capsules (2) .
The complexity of staphylococcal infection in vivo makes it difficult to evaluate the contributions of individual factors to the overall virulence of staphylococci. However, it is important to increase our knowledge of all these binding structures and proposed virulence factors in order to completely understand the mechanisms of staphylococcal virulence and pathogenicity. In this report, we have shown that coagulase, in addition to binding and activating prothrombin, also binds fibrinogen in the absence of prothrombin and that this property is the basis for the clumping reaction of staphylococci in fibrinogen. These new findings might have implications for our view of the mechanism of coagulase and will hopefully give more information on the role of extracellular and cell-bound coagulase in the virulence of staphylococci.
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